Shell model calculations are done to study the structure of neutron-rich carbon isotopes. For both even-A and odd-A neutron-rich carbon isotopes, the energy levels are strongly affected by the configuration mixing of valence neutrons. The calculated energy levels in the nucleus 17 C are significantly improved compared with experimental values when the model space of the three valence neutrons is enlarged from pure ν(0d 5/2 ) 3 configuration to full sd space. We also investigate the configuration mixing effect on the B(E2) values in even-even nuclei 16−20 C.
Introduction
The shell structure evolves when we go from the beta-stability line to drip lines [1] . New magic numbers emerge in neutron or proton-rich nuclei, such as the new N = 14 and N = 16 magic numbers in oxygen isotopes [2, 3] . The proton-neutron interaction, especially its tensor component, plays an important role in the shell evolution [1, 4, 5, 6, 7] . In case of the N = 14 shell evolution, from oxygen to carbon isotopes, two protons are removed from the 0p 1/2 orbit. 0p 1/2 proton attracts 0d 5/2 neutron more than 1s 1/2 neutron [8] . The N = 14 gap thus becomes smaller in carbon isotopes than in oxygen isotopes. The attractive neutron-neutron interaction also contributes to the N = 14 shell evolution [8] . When the N = 14 shell gap becomes smaller, neutrons move from 0d 5/2 to 0s 1/2 orbit. The attractive neutron-neutron interaction V nn 1s 1/2 1s 1/2 and V nn 0d 5/2 0d 5/2 thus make the N = 14 shell gap even smaller [8] . The N = 14 shell existing in oxygen isotopes reduces in nitrogen isotopes [9] and disappears in carbon isotopes [10] which is caused by both proton-neutron and neutron-neutron interaction [8] . The configuration mixing between neutron 0d 5/2 and 1s 1/2 orbits becomes important in carbon isotopes. In this paper, we will analyze effects caused by configuration mixing in neutron-rich carbon isotopes.
Shell-model framework
The model space we used in this paper is the psd model space, which includes 0p 3/2 , 0p 1/2 , 0d 5/2 , 1s 1/2 , and 0d 3/2 orbits [11] . The well-established WBP [12] , WBT [12] , and MK [13] effective Hamiltonians are used. We restrict that maximum zero or two nucleons can be excited from p Figure 1 . Probabilities of each configuration in the ground states of neutron-rich carbon, nitrogen, and oxygen isotopes calculated with WBP interaction. n indicates the number of valence neutrons in sd shell. n = 2, 4, 6 correspond to 16 C, 18 C, and 20 C, respectively. to sd shell, which are denoted as 0hω and 2hω, respectively. The calculations are carried out with a newly-established parallel shell-model code described in Ref. [14] In the case of 2hω calculations, the spurious states caused by the center-of-mass motion need to be removed. The shell model Hamiltonian H can be modified to be H ′ = H + βH c.m. where H c.m. is the center-of-mass Hamiltonian [15] . The center-of-mass excitations can be moved to high excitation energies by setting a large positive β value. Thus the spurious states do not appear at low excitation energy. We use β = 100 MeV in the present work, the same as in previous works [16, 17, 18] .
Calculations and discussions
The E(2 + 1 ) in N = 14 isotones decreases quickly from oxygen to carbon isotopes which indicates that the N = 14 shell gap existing in oxygen isotopes disappears in carbon isotopes [3, 10] . The excitation energies in carbon isotopes are strongly affected by the configuration mixing between neutron 0d 5/2 and 1s 1/2 orbit. In 18 C and 20 C are excited by both neutrons coupling to J = 2 in 0d 5/2 and a neutron moving to 1s 1/2 orbit. This simple consideration is supported by shell-model calculations, as shown in Fig. 1 . The neutron-rich oxygen isotopes contain very large (around 80%) pure ν0d 5/2 configuration. On the other hand, the strong configuration mixing, especially the mixing between υ0d 5/2 and ν1s 1/2 orbits, exists in neutron-rich carbon isotopes.
The energy levels of odd-A neutron-rich carbon isotopes also show the effects of configuration mixing between ν0d 5/2 and ν1s 1/2 orbits. The energy levels of N = 11 isotones are hard to be exactly described by shell model because of the strong configuration mixing [19] . A recent suggested Hamiltonian can well reproduce the energy levels of 17 C, 18 N, and 19 O [20] . Figure 2 shows how the configuration mixing drive the energy levels of 17 C, 18 N, and 19 O. Here we present the 0hω results, as the 2hω results do not show much difference. In the case of 0hω calculations, the three valence neutrons in 17 C, 18 N, and 19 O can be active in three sd orbits. When we enlarge the model space of valence neutrons from pure ν(0d 5/2 ) 3 to full sd configuration, the energy levels of these nuclei can be much improved compared with experimental values, especially for 17 C.
Compared with valence neutrons in neutron-rich carbon isotopes, the valence protons in such nuclei are less active as the Z = 6 gap is much larger than the N = 14 gap. However, the configuration mixing between valence protons strongly affects the E2 transition in neutron-rich carbon isotopes [8] .
The shell-model B(E2) results agree well with the observed value in neutron rich C isotopes [21] , also as show in Fig. 3 . In our calculations, an approximate 1/A dependence effective charge is used [25] . The very small B(E2) value is from an inelastic scattering measurement [22] . To clarify the contribution from valence neutrons and protons, we present the e at 20 C when the e ef f n A n changes little from 16 C to 20 C. As discussed in Ref. [21] , the reduce proton π0p 1/2 − π0p 3/2 gap from 16 C to 20 C is a reason that the proton excitation enlarges from 16 C to 20 C. When the neutron number increasing, the ν0d 5/2 attracts π0p 1/2 orbit more than π0p 3/2 orbit both in WBT and MK interaction. The energy gap between π0p 1/2 and π0p 3/2 decreases from 16 C to 20 C.
We present in Fig 
